The synthesis and characterization of Zn 2 SiO 4 :Mn phosphor layers on spherical silica spheres, i.e., core-shell particles of Zn 2 SiO 4 :Mn@SiO 2 are described in this paper. First, monodisperse silica spheres with an average size around 750 nm have been obtained via the Stöber method by the hydrolysis and condensation of tetraethoxysilane Si͑OC 2 H 5 ͒ 4 under base condition ͑using NH 4 OH as the catalyst͒. Second, the silica spheres are coated with Zn 2 SiO 4 :Mn phosphor layers by a sol-gel process. The resulting core-shell particles are characterized by X-ray diffraction, Fourier transform infrared spectroscopy, field emission scanning electron microscope, energy-dispersive X-ray spectroscopy, transmission electron microscopy, photoluminescence, lowvoltage cathodoluminescence, as well as kinetic decay. The results confirm that the 1000°C-annealed sample consists of crystalline The core-shell composite particles are of extensive scientific and technological interest due to the ability to fine-tune their properties.
The core-shell composite particles are of extensive scientific and technological interest due to the ability to fine-tune their properties. [1] [2] [3] [4] [5] Core-shell materials consist of a core structural domain covered by a shell domain. The core and shell domains may be composed of a variety of materials including polymers, inorganic solids, and metals. The structure, size, and composition of these particles can be easily altered in a controllable way to tailor their magnetic, optical, mechanical, thermal, electrical, electro-optical, and catalytic properties. [1] [2] [3] [4] [5] [6] [7] [8] Until now, many routes have been developed to fabricate such core-shell materials, such as the sol-gel process, 1 layer-by-layer technique, 9 template directed self-assembly, 10 and encapsulation of silica nanoparticles by in situ polymerization. 11 The demand for high resolution and increased efficiency in phosphors for cathode ray tubes ͑CRTs͒ and field emissive displays has promoted the development of phosphors that perform at low voltages. 12 In particular, phosphors made up of small, ideally spherical particles are of interest because they offer the possibility of brighter cathodoluminescent performance, high definition, and much improved screen packing. 13 The ideal morphology of phosphor particles includes a perfect spherical shape, narrow size distribution ͑0.5-3 m͒, and nonagglomeration. Spherical morphology of the phosphors is good for high brightness and high resolution. Additionally, high packing densities and low scattering of light can also be obtained by using spherical phosphors. Nowadays, many synthetic routes have been developed to control the size and distribution of phosphor particles, such as spray pyrolysis 14, 15 and fluxes precipitation. 16 Silica can be easily made controllably in spherical morphology from nano-to micrometer size. 17 If the silica spheres are coated with layers of phosphors, a kind of core-shell phosphor materials with spherical morphology is obtained, and the size of the phosphor particles can be controlled by the silica cores. Furthermore, because silica is cheaper than most of the phosphor materials, the core-shell phosphor materials are cheaper than the pure phosphor materials in unit mass. Our group has been preparing various kinds of phosphor coatings on bulk silica glass and silicon wafer substrates via the sol-gel process. 18, 19 It would be of great interest and importance to check if the core-shell phosphor materials can be prepared in a similar process.
It is well known that Mn 2+ -doped zinc orthosilicate ͑␣-Zn 2 SiO 4 , willemite͒ has been widely used as a green component in plasma display panels ͑PDPs͒, CRTs, and electroluminescent devices due to its highly saturated color, strong luminescence, and long lifespan. 20, 21 Recently, much attention has been paid to the synthesis and performance of nanostructural Zn 2 SiO 4 :Mn phosphors by solgel, hydrothermal, spray pyrolysis, and combustion methods, etc.. [22] [23] [24] [25] [26] Interestingly, ZnO nanowires sheathed with Zn 2 SiO 4 were reported by Wang's group. 27 Herein, we select Zn 2 SiO 4 :Mn as the phosphor shells and silica spheres as the cores, respectively, to obtain the core-shell structured Zn 2 SiO 4 :Mn@SiO 2 materials via the sol-gel process and characterize the structure, morphology, and photoluminescent and cathodoluminescent properties of the resulting samples. = 2:1͒ and PEG as cross-linking agent were dissolved in the above solution, then silica spheres were added into the solution and the resulting mixture was further stirred for 3 h. The precipitates were filtered and dried at 100°C for 2 h, then preheated at 500°C for 3 h in a furnace with a heating rate of 60°C/h. The preheated samples were annealed to 1000°C at 100°C/h and held there for 3 h. In this way, the core-shell structured Zn 2 SiO 4 :Mn@SiO 2 materials have been obtained, and the whole process is shown in Scheme 1. For multiple coating, the precursor solution is a little different from the above one because the surface of silica spheres were covered by Zn 2 SiO 4 :Mn layers which could not continue to react with Zn 2+ and Mn 2+ . Instead of citric acid and PEG, the stoichiometric weights of TEOS were added as silicon source in the mixing solution of Zn 2+ and Mn 2+ ; and then the solution was stirred for 2 days before the silica spheres were added. The other processes were the same. The above process was repeated several times to increase the thickness of Zn 2 SiO 4 :Mn shells.
Experimental
Characterizations.-The X-ray diffraction ͑XRD͒ of the powder samples was examined on a Rigaku-Dmax-IIB using Cu K␣ radiation ͑ = 0.15405 nm͒. Fourier transform infrared ͑FTIR͒ spectra were measured with Perkin-Elmer 580B infrared spectrophotometer with the KBr pellet technique. The morphology and composition of the samples were inspected using field emission scanning electron microscope ͑FE-SEM, XL30, Philips͒, transmission electron microscope ͑TEM, JEOL-2010, 200 kV͒, and energy-dispersive X-ray spectroscopy ͑EDS, JEOL JXA-840͒. The photoluminescence ͑PL͒ and the cathodoluminescence ͑CL͒ spectra were taken on a Hitachi F-4500 spectrofluorimeter equipped with a 150 W xenon lamp, 172 nm vacuum-uv ͑VUV͒ lamp ͑self-made͒ and 1-6 kV electron gun ͑self-made͒ as the excitation sources, respectively. The luminescence decay curves were obtained from a Lecroy Wave Runner 6100 digital oscilloscope ͑1 GHz͒ using 250 nm laser ͑pulse width = 4 ns, gate = 50 ns͒ as the excitation source ͑Continuum Sunlite OPO͒. All the measurements were performed at room temperature. Fig. 2a-c, respectively . In Fig. 2a 3 is asymmetric stretching, and 4 is asymmetric deformation vibrations, respectively. [29] [30] [31] [32] This indicates that the as-formed SiO 2 particles contain a large amount of OH groups and H 2 O on their surfaces. The surface Si-OH groups play an important role for bonding the metal ions from the coating sol and forming the Zn 2 SiO 4 :Mn layer on the SiO 2 surfaces in the following annealing process, as shown in Scheme 1. In Fig. 2b 33, 34 These absorption peaks are basically similar to those for the pure Zn 2 SiO 4 :Mn sample, as shown in Fig. 2c . This suggests that crystalline phase ͑Zn 2 SiO 4 ͒ has formed after annealing at 1000°C, agreeing well with the results of XRD and further demonstrating the formation of crystalline Zn 2 SiO 4 :Mn coating layers on the silica surfaces via the sol-gel process and annealing treatment. Note that weak OH vibration can be found in Zn 2 SiO 4 :Mn@SiO 2 and Zn 2 SiO 4 :Mn samples due to the absorption of traces of water in the course of measurement. Figure 3 shows the FE-SEM micrographs of ͑a͒ the as-formed SiO 2 particles, ͑b͒ the single Zn 2 SiO 4 :Mn layer coated SiO 2 core-shell ͑Zn 2 SiO 4 :Mn@SiO 2 ͒ particles annealed at 1000°C, and ͑c͒ the EDS of Zn 2 SiO 4 :Mn@SiO 2 sample. From the FESEM micrograph of Fig. 3a we can observe that the as-formed SiO 2 particles are monodisperse spheres with smooth surfaces and nonaggregation, whose average size ͑in diameter͒ is about 750 nm.
Results and Discussion

FESEM, EDS, TEM.-
The core-shell Zn 2 SiO 4 :Mn@SiO 2 particles ͑Fig. 3b͒ are also uniform spheres with a little aggregation, whose average size ͑diam-eter͒ seems larger than the pure SiO 2 particles due to the extra layers of Zn 2 SiO 4 :Mn on the SiO 2 spheres. However, it should be mentioned that the FE-SEM micrographs can only provide the basic information on the morphology of Zn 2 SiO 4 :Mn@SiO 2 particles in large scale, and the core-shell structure of Zn 2 SiO 4 :Mn@SiO 2 particles cannot be resolved from the FE-SEM micrographs. To further confirm the existence of Zn 2 SiO 4 :Mn layers on the surfaces of silica particles, EDS was performed on the sample in Fig. 3b , as shown in In order to see the core-shell structure of Zn 2 SiO 4 :Mn@SiO 2 particles, TEM was performed. Representative TEM micrographs are shown for the SiO 2 particles coated by one and two layers of Zn 2 SiO 4 :Mn shell in Fig. 4a and b, respectively. In both cases, the core-shell structure for the Zn 2 SiO 4 :Mn@SiO 2 particles can be seen clearly due to the different electron penetrability for the cores and shells. The cores are black and the shells have gray color. The coreshell Zn 2 SiO 4 :Mn@SiO 2 particles remain spherical. The average thickness for a single-layer shell is about 150 nm ͑Fig. 4a͒, and that for a double-layer shell is about 220 nm ͑Fig. 4b͒. Obviously, the shell thickness increases with the increase of the number of coating times. As a comparison, no such kind of core-shell structure can be observed in bare SiO 2 particles, as shown in Fig. 4d. Fig. 4c shows the electron-diffraction pattern performed on the surface of the particles in Fig. 4a , which clearly demonstrates the formation of crystalline phase. Combined with the results of XRD in Fig. 1a , we can know that this crystalline phase must be Zn 2 SiO 4 :Mn. In summary, from the results of FE-SEM, EDS, and TEM, it can be concluded that Zn 2 SiO 4 :Mn layers have crystallized on the surface of SiO 2 spheres to form Zn 2 SiO 4 :Mn@SiO 2 core-shell particles, which mainly keep the original spherical morphology of the SiO 2 particles.
Luminescent and kinetic properties of Zn 2 SiO 4 :Mn@SiO 2 coreshell particles.-Upon UV and VUV light excitation, the Zn 2 SiO 4 :Mn@SiO 2 core-shell particles exhibit strong green luminescence. Figure 5 shows the ͑a͒ excitation and ͑b, c͒ emission spectra of the core-shell particles annealed at 1000°C, respectively.
The excitation spectrum ͑Fig. 5a͒ contains an intense broad band with a maximum at 250 nm ͑5.0 eV͒ and a narrow shoulder at 223 nm ͑5.6 eV͒ extended to the VUV region ͑below 200 nm, not shown͒. The former corresponds to the charge-transfer band ͑CTB͒ of Mn 2+ ion, and the latter originates from the absorption of the host lattice of Zn 2 SiO 4 . This indicates that an energy transfer occurs from the Zn 2 SiO 4 host lattice to Mn 2+ . [20] [21] [22] [23] [24] [25] [26] Excitation into the CTB of Mn 2+ at 250 nm or host band at 172 nm yields the emission spectrum with a maximum at 521-522 nm ͑Fig. 5b and c͒, which corresponds to the typical 4 T 1 ͑ 4 G͒-6 A 1 ͑ 6 S͒ transition of Mn 2+ . The green emitting can be explained when it is assumed that Mn 2+ ions occupy a part of Zn 2+ sites with four oxygen coordinated. The weak crystal field around Mn 2+ results in the low splitting width of its 3d energy levels, and an emission at high energy ͑green͒ is observed. The mechanism involved in the green emission of Mn 2+ in Zn 2 SiO 4 is shown in Fig. 6 . Under excitation of 250 nm UV, an electron from The PL intensity of Zn 2 SiO 4 :Mn@SiO 2 core-shell particles can be tuned by the number of coatings. Figure 8 shows PL intensity as a function of the number of coatings. Clearly the PL intensity of Zn 2 SiO 4 :Mn@SiO 2 core-shell particles increases with raising the coating number. Obviously this can be attributed to the increase of the thickness of Zn 2 SiO 4 :Mn shells on the SiO 2 spheres. At present the PL intensity of three-layer Zn 2 SiO 4 :Mn@SiO 2 particles is still not as strong as that of the pure Zn 2 SiO 4 :Mn sample, but this might be overcome by further coating and optimizing other experimental conditions such as annealing temperature and time as well as the doping concentration of Mn 2+ , which are underway. The Zn 2 SiO 4 :Mn@SiO 2 core-shell particles also show a strong green emission under low-voltage cathode ray excitation, and the resulted CL spectra are identical with those of the PL emission spectra shown in Fig. 5b and c Fig. 9a and b, respectively. Under 4 kV electron-beam excitation, the CL intensity increases with increasing the filament current from 14 to 18 mA ͑Fig. 9a͒. Similarly, when the filament current is fixed at 14 mA, the CL intensity also increases with raising the accelerating voltage from 1 to 6 kV ͑Fig. 9b͒. 
